Combining photolithography and hot embossing offers the capability of cost-efficient and high-fidelity fabrication of polymer microfluidic devices, however, poor chemical resistance in nonpolar organic solvents and high gas permeability of the currently used polymers narrow the range of applications of the microfluidic devices. With the aim of specific chemical or biological applications, we report the fabrication of microfluidic devices in a broader range of thermoplastic polymers. For chemical reactions to be conducted in aromatic and hydrocarbon solvents, microfluidic reactors fabricated in high-density polyethylene (HDPE) showed excellent compatibility with a range of organic solvents. Microfluidic devices fabricated in polyvinylchloride (PVC) exhibited drastically reduced gas permeability, in comparison with devices fabricated in polydimethylsiloxane (PDMS). To address the needs of biorelated research, we fabricated polystyrene (PS) microfluidic devices containing high-density, two-dimensional arrays of aqueous droplets.
Introduction
Applications of microuidics (MFs) in chemistry and biology offer advantages of low reagent consumption, enhanced control over heat and mass transfer, the ability to carry out multi-step reactions without exposure of intermediate products to the ambient environment, and the capability of gradual change in reagent concentrations in a high-throughput manner.
Over the past two decades, materials used for the fabrication of MF devices have undergone a transition from silicone and glass to elastomeric and thermoplastic polymers. A growing interest in polymeric MF devices stems from their time-, labour-, and costefficient fabrication, 1 however, their applications in chemistry and biology impose specic requirements for the polymer properties. Table 1 summarizes some of the key properties of polymers used for the fabrication of MF devices. In addition to the highly desirable low cost and ease of fabrication, many polymer characteristics are determined by the specic application of the MF device. For example, polycarbonate, cyclic olen polymer, and poly(methyl methacrylate) are chemically stable in water and other polar liquids, however, MF reactors fabricated in these materials are not suitable for studies of chemical reactions conducted in aromatic and hydrocarbon solvents such as bromobenzene, 2 tetrahydrofuran, or dichloromethane.
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Gas permeability is another important characteristic of the polymer to be considered. For example, polydimethylsiloxane, polycarbonate, and cyclic olen polymer have relatively high gas permeability. 4, 5 Gas permeation in MF devices fabricated in polydimethylsiloxane, has beneted cell culture experiments, 6 evaporation-based protein crystallization, 7 polymerase chain reaction, 8 and supercritical uid extraction. 9 On the other hand, the requirement for low gas permeability becomes important when a gas resides in a MF device for a relatively long period of time or when gas diffusion in and out of the device has to be controlled.
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The method used for the fabrication of MF devices is another important factor to consider. Laser-ablation has a limitation in fabrication of smooth microchannel walls. 10 Micromilling is limited by channel dimensions, which should not be smaller than $25 mm for standard bench-top mills, while the inherent vibrations caused by the milling lead to surface roughness of up to 1.5 mm.
11 So lithography generally utilizes polydimethylsiloxane 12 and polyurethane, 13 which are not stable in aromatic and hydrocarbon organic solvents. While injection molding is a highthroughput method for producing polymeric MF reactors, prototyping of devices with complex designs may be limited by the cost of mold inserts. Similarly in hot embossing, the fabrication of a complex prototype embossing stamp may be prohibitively expensive.
Recently, we reported the use of photo-lithographically fabricated photoresist-on-copper stamps for the fabrication of MF devices in polycarbonate, cyclic olen polymer, and poly(methyl methacrylate).
14 The drawback of these polymers is poor chemical resistance in aromatic and hydrocarbon solvents, which limits their applications as chemical reactors. In addition, these polymers have high gas permeability and are thus not suitable for long-term studies of gas-liquid reactions.
In the present work, we provide guidance for the fabrication of thermoplastic MF devices for specic chemical and biological applications. High-density polyethylene was selected as the material of choice to fabricate MF reactors compatible with nonpolar, polar aprotic, and polar protic solvents in the temperature range from 25 to 80 C. To address the requirement of low gas permeability, we utilized polyvinyl chloride. In addition, we report the fabrication of polystyrene MF reactors for applications in biology and biomedical research.
Experimental
High-density polyethylene (HDPE) and polyvinylchloride (PVC, Type 1) sheets were purchased from McMaster Carr (USA 
Fabrication of microuidic devices
Microuidic devices were fabricated using SU-8-on-copper stamps using thermo-embossing in a Carver press (Model M, Carver Inc., USA), as described elsewhere.
14 All embossing and bonding steps were conducted in a custom built vacuum chamber that was integrated with the hot press. The de-embossing step was easier performed for lower aspect ratio features. Following the bonding of an embossed sheet with a planar sheet of the same polymer, the MF devices were cooled under applied pressure to room temperature and removed from the press. To reduce the thickness of the supplied HDPE sheets, they were sandwiched between two polished silicon wafers on the hot press, heated for 10 min at 190 C (above the soening temperature of the polymer) and subjected to a pressure of 20.3 atm. Metal spacers with the thicknesses 300, 500, 800, and 1500 mm were used to control the ultimate lm thickness. Polydimethylsiloxane devices were fabricated by the so-lithography method using SU-8 on silicon masters.
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Characterization methods
An optical microscope (Olympus BX41, Olympus, Japan) coupled with a CCD camera (Evolution VF, Media Cybernetics, USA) was used to image MF devices in the course of experiments. Image analysis was conducted using Image Pro Plus soware (v. 5.0, Media Cybernetics, USA). The variation in transmission of 2 Â 2 cm HDPE lms with different thicknesses was examined in the spectral range from 300 to 800 nm with a resolution of 2 nm using a UV-visible spectrometer (Cary 5000, Agilent Technologies, USA). Contact angles of deionized water on HDPE and PS surfaces were measured using a drop shape analyzer (DSA100S, KRUSS Gmbh, Germany). To change the surface properties of HDPE sheets, they were exposed to gas plasma in a plasma cleaner (PDC-32G, Harrick Plasma, USA). Ambient air, oxygen, or nitrogen (both Linde, USA) were supplied to the chamber under 600 mTorr vacuum for the time interval varying from 45 to 180 s.
The compatibility of MF devices with organic solvents was tested by purging each solvent in a MF device for 5 h (typical for MF experiments), and inspecting the change in dimensions of the microchannels. Experiments at elevated temperature were conducted by immersing the MF reactor in an oil bath and, subsequently, purging the specic solvent through the channels.
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Gas permeability of MF reactors fabricated in PVC was tested by examining the change in the length of nitrogen gaseous plugs separated with aqueous segments, all introduced and maintained in the microchannel at a pressure in the range from 1.34 to 2 atm. The results of these experiments were compared with those conducted in MF devices fabricated in PDMS.
Results and discussion
Fabrication of thermoplastic microuidic devices
For each polymer, the pressure, temperature, and total microfabrication time, including heating, embossing, and de- Resistance to swelling in polar or non-polar solvents Minimal swelling can be tolerated in some applications
Gas permeability High gas permeability Useful for cell culture experiments and some polymerization reactions Low gas permeability processes Useful in studies of gas-liquid reactions and physical processes embossing times, were optimized to ensure high-delity replication of the features from the stamp to the polymer MF device, strong bonding between the embossed and planar polymer sheets, and minimal damage of the stamp during the embossing process. Bonding of the embossed polymer sheet and a planar sheet was achieved at 140 C for HDPE, that is, 6 C below T m , and at 100 C for PVC and PS, which was 10 and 5 C above T g of these polymers, respectively. The bonding temperatures were selected to allow sufficient molecular mobility at the interface between the embossed and planar sheets and to avoid deformation of the embossed features during the bonding process. Importantly, cooling the polymer and stamp to room temperature before de-embossing resulted in the stamp features tearing off the stamp substrate. Table 2 summarizes the optimized fabrication conditions for the fabrication of features of MF devices in HDPE, PVC, and PS.
Fabrication of microuidic devices operating in aromatic and hydrocarbon solvents
We selected HDPE as the polymer for the fabrication of MF reactors operating in aromatic and hydrocarbon solvents. As specied in Table 1 , optical transmission was an important factor to consider when chemical reactions occurring in MF reactors are characterized by microscopy. Since HDPE is a translucent polymer, due to the scattering of light by its crystalline domains, 15 we increased light transmission by reducing the thickness of walls of the MF device. To optimize wall thickness, light transmission was examined in the spectral range from 300 to 800 nm for a HDPE sheet varying in thickness from 300 to 1500 mm (Fig. 1a) . For the wavelength of 500 nm, light transmission increased from 12 to 64%, when the sheet thickness reduced from $1500 to 300 mm, respectively. Notably, with reducing thickness, the exibility of the HDPE sheets increased which, for thinner lms, led to the sagging and warping of the sheet in the bonding stage and the resulting distortion of the channel dimensions. At the thickness of the HDPE sheet larger than $1500 mm (for 150 mm-tall channels), segmented gas-liquid ow in the fabricated MF reactor could not be discerned by optical microscopy.
In the next step, we examined the ability to vary the surface energy of HDPE by subjecting it to plasma treatment and measuring the contact angle, q, of deionized water on the sheet as a function of plasma exposure time. Fig. 1b shows that aer 50 s exposure of HDPE to oxygen plasma, the value of q reduced from 92 to 53
; and it did not further change at longer plasma treatment time. Full hydrophobic recovery did not occur for at least, 7 days upon storage of HDPE sheets under ambient conditions. Exposure of HDPE sheets to nitrogen and air plasma yielded similar q values (Fig. 1b) . The compatibility of HDPE with hydrocarbon and aromatic solvents was examined by fabricating a T-junction MF device (Fig. 1c) , generating nitrogen gas plugs dispersed in dichloromethane (DCM), tetrahydrofurane (THF), bromobenzene (BB), or hexanes, and examining the change in the original width, w 0 , of the T-junction. Fig. 1d shows the schematic of gaseous plug generation. The value of T-junction width, w, was analyzed every 30 min for 4.5 h during exposure to a selected solvent, that is, the duration of a typical MF experiment. The degree of swelling of the microchannel walls was characterized as [(w 0 À w)/w 0 ] Â 100%. Fig. 1e shows that in the course of the generation of gaseous plugs the degree of swelling of the channel wall was in the range of 1.2-1.5%. The maximum swelling occurred in DCM aer 4.5 h. No de-bonding, excessive channel distortion, or compromised reactor structural integrity was observed. For comparison, the swelling ratio of PDMS in organic solvents such as THF and hexanes was 138 and 135%, respectively.
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The performance of the MF device at elevated temperatures was examined in DCM in the temperature range from 25 to 80 C. Fig. 1f shows the variation in the degree of swelling aer 4.5 h device exposure to DCM at 25, 60, and 80 C. The degree of swelling was 1.2, 1.9 and 2.7%, respectively (Fig. 1e) . No debonding or change in structural integrity of the HDPE reactor was observed.
Microuidic reactors with low gas permeability
Gas permeation of polymer substrates depends on the type of polymer and gas, the temperature, and the pressure gradient across the substrate. Gas permeability increases with the exi-bility of polymer chains, that is, with the increase in polymer free volume. 22 We selected PVC for the fabrication of MF devices with low gas permeability owing to the high-density packing and weak segmental motion of the polymer molecules. 23 Since PDMS has a high gas permeability and is extensively used for the fabrication of MF devices, we used this polymer as a reference material. The design of the MF devices fabricated in PDMS and PVC was similar to the design shown in Fig. 1c. A 6 .35 mm-thick PVC sheet embossed with features of the MF device was bonded to a 100 mm-thick planar PVC sheet. An identical MF device was fabricated in PDMS. The side walls of the microchannels had the thickness of at least, 6.35 mm to support the assumption that the majority of gas diffused through the 100 mm thick ceiling of the microchannel during the time span of the experiments.
Alternating segments of gaseous nitrogen and water were generated in the MF device using pressure-driven ow. Subsequently, the inlets and the outlet of the MF device were both pressurized at 1.73 or 2.44 atm, thereby stopping ow and making the gas plugs stationary. The pressure difference between 1.73 or 2.44 atm (inside the plugs) and 1 atm (outside the device) was the driving force for gas mass transfer across the 100 mm-thick PVC or PDMS channel ceiling.
The length of the experiment was 5 h. To ensure that the shrinkage of gaseous plugs was not caused by nitrogen dissolution in water, the plugs were generated 15 cm upstream of the characterization zone (corresponding to 25 s residence time) in the device prior to the beginning of monitoring the change in plug dimensions. Since physical dissolution of gas bubbles in MF experiments occurs in #10 s, 2 any subsequent plug shrinkage was attributed to gas mass transfer through the 100 mm-thick ceiling of the MF device.
The relative change in the plug volume was characterized as V t /V 0 , where V 0 is the plug volume when it reached the characterization zone and remained stationary (ESI †), and V t is the volume of the stationary plug at time t. For the nitrogen plugs in the MF device fabricated in PDMS, we observed a strong decay in plug dimensions with time (Fig. 2) . Aer 5 h, the plug volumes at 1.73 and 2.44 atm were 45 and 21% of the initial values, respectively (Fig. 2) . In contrast, under similar conditions for nitrogen plugs conned to the microchannel in the PVC device at the same applied pressures, the change in plug dimensions was not signicant (Fig. 2) . Notably, the pressure of 2.44 atm used in these experiments exceeded the pressures used in studies of gas-liquid CO 2 reactions.
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These experiments highlight the applicability of MF devices fabricated in PVC for long-term MF studies of gas-liquid reactions and physical processes.
Microuidic devices for biological and biomedical applications
Microuidic systems offer a micrometer-to-millimeter length scale range for spatially and temporally-controlled environments in biochemistry, cell biology and biomedical research. For cell biology experiments, PS would be a material of choice for the fabrication of MF devices, since biologists have a long history of using PS as the material of e.g., Petri dishes and well plates. 24 The transition to other materials is partly counteracted by the stigma of using unfamiliar substrates. Unfortunately, microfabrication in PS is more challenging than in PDMS, which limits the utilization of PS-based MF devices for cell biology research. In addition, PDMS absorbs some of the reagents, e.g., amines, which may lead to uncertainty in chemical characterization.
For a showcase, we used the fabrication of PS devices for the generation of high-density two-dimensional (2D) aqueous droplet arrays. The hot embossed PS devices were manufactured using an identical process and with similar throughput as the HDPE and PVC devices, thereby allowing for customized MF devices to be fabricated for bio-related applications.
We used the design of the MF device and the method of selfdigitization of a liquid stream into droplets that have been developed by Chiu et al. 25 This method has been used in studies of polymorph crystallization,
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DNA amplication, 26 and recently, extended to the generation of 2D arrays of cell-laden hydrogel modules.
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The devices were fabricated by thermal bonding of two PS sheets, one of which contained features of a 2D array of wells connected with a common supply microchannel 26 and the other one, a planar PS sheet. Prior to bonding, the PS sheets were exposed for 60 min to oxygen plasma at a vacuum of 1000 mTorr. Aer bonding, the MF device was lled for 10 min at 65 C with (heptadecauoro-1,1,2,2-tetrahydrodecyl) trimethoxysilane, which resulted in the increase of the wetting angle of water on the modied PS surface from 76 to 110
. A 2D high-density array of droplets of the mixture of water and glycerol was generated in the PS device, as shown in Fig. 3a . First, the entire device was lled with uorinated oil mixed with 1 wt% triblock copolymer peruoropolyether-b-poly(ethylene oxide-co-polypropylene oxide)-b-peruoropolyether (top row, Fig. 3a) . Then, the uori-nated oil was replaced with a mixture of water and glycerol containing 50 vol% glycerol mixed with a green food dye, as shown in the second row in Fig. 3a . Next, the uorinated oil was introduced in the MF device, again, to replace the aqueous solution in the supplying microchannel but retain it in the wells.
As a result, water-glycerol droplets resided in the wells, while the supplying channel was lled with the oil phase (Fig. 3a,  bottom row) . Following this procedure, we generated 5 parallel rows, each containing 500 dye-labeled aqueous droplets and connected to a common supplying channel. Fig. 3b shows a fragment of the droplet rows residing in the wells. The green dye-labeled droplets were indexed by the numbers and letters, corresponding to the columns and rows, respectively. The size of each well was 130 Â 200 Â 100 mm. The volume of droplets was $2.6 nL, with a coefficient of variance of droplets not exceeding 15%. Fig. 3c shows a photograph of the MF device fabricated in PS, lled with an aqueous solution of a blue food dye (two rows of wells) or a red food dye (two rows of wells). The MF device occupied the area 40 Â 50 mm 2 and contained 4 inlets, each supplying a liquid to 500 wells.
Conclusion
We have developed a cost-and time-efficient method for fabrication of thermoplastic polymer MF devices for targeted chemical and biological applications. For each particular requirement to the material of MF devices, we identied a specic thermoplastic polymer to be used for microfabrication. In particular, MF devices fabricated in high-density polyethylene showed excellent compatibility with aromatic and hydrocarbon solvents and thus can be used for studies of chemical reactions involving these solvents. Polyvinylchloride was used to showcase low gas permeability of MF devices fabricated in this polymer in comparison with the device fabricated in PDMS. The fabrication of MF well plates in polystyrene extends the range of potential applications of MFs in bio-analytical chemistry, cell biology, and bioengineering. 
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